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Introduction
Human Serum Albumin (HSA), the most prominent protein in plasma, is best known for its extraordinary capacity of binding a wide variety of compounds that may be available in quantities well beyond their solubility in plasma. For example, albumin is the main transport vehicle for fatty acids (FA) to and from the tissues, by increasing their effective solubility from < 1µM to millimolar values. 1 The high concentration in the circulatory system (about 42 g/L) and the capability to store a big amount of drugs, metabolites and fatty acids assign to the HSA a really important role in the pharmacokinetic behavior of many compounds, affecting their efficacy and delivery rate.
Many studies on the HSA binding properties [2] [3] [4] [5] [6] [7] have shown that the hydrophobic subdomains IIA and IIIA represent the principal binding regions on HSA.
According to the Sudlow's nomenclature, dicarboxylic acids and/or bulky heterocyclic molecules with a negative charge localized in the middle of the molecule, bind to Sudlow's site I (located in subdomain IIA). The site must be large because ligands as big as bilirubin can be bound, and because several examples of independent binding of two different compounds to the site have been found. [8] [9] [10] [11] Sudlow's site II (located in subdomain IIIA) is preferred by aromatic carboxylic acids with a negatively charged acidic group at one end of the molecule away from a hydrophobic center (e.g., nonsteroidal anti-inflammatory drugs). Site II is composed of all six helices of subdomain IIIA and it is topologically similar to site I but it seems to be smaller, or more narrow, than site I, because apparently no large ligands (e.g., bilirubin, hemin, hematin, or other porphyrins) bind to it. It also appears to be less flexible, because binding often is strongly affected by stereoselectivity. For example the ibuprofen, a chiral nonsteroidal anti-inflammatory agent, considered as stereotypical ligand for Sudlow's site II, presents an affinity that is 2.3 times bigger for the R-ibuprofen than for S-ibuprofen. 12, 13 Besides the two principal binding sites there is a multiplicity of different points of attack for the fatty acids and other drugs, that can also be controlled by allosteric conformational changes. 14 Among M A N U S C R I P T
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4 the exogenous and endogenous compounds which bind the albumin, it is very interesting to classify the drugs that protect the protein against the denaturation. Within the wide variety of substances that had been studied, a particular attention is focused on the nonsteroidal anti-inflammatory drugs (NSAIDs).
So far, essentially turbidimetric and HPLC measurements have been carried out to understand and to quantify the stabilization properties of various compounds. Saso et al. 15, 16 reported the stabilization activity of numerous drugs, studying the variation of absorbance (turbidimetric method) or the aggregation (HPLC technique) of HSA:ligand solutions in heat-induced denaturation conditions. These works show that FA, NSAIDs and a surfactant, the sodium dodecyl sulfate, are the more active compounds.
A recent fast-field-cycling 1H-NMR relaxometric study 17 shows that, in both urea-and GdnHClinduced unfolding processes, the anti-inflammatory drug ibuprofen is able to dramatically stabilize the Normal isomer of the heme-HSA. Moreover, it has been proposed that the unfolding of domain I always follows the unfolding of domain II. 18, 19 Although ibuprofen is a stereotypical Sudlow's site II ligand, it also binds to a cleft close to the warfarin site at the interface between subdomains IIA and IIB. 20 The main aim of this work was to investigate the influence of the ibuprofen on the urea-induced denaturation of the protein and to point out its possible stabilizing activity. We performed a study on the HSA:ibuprofen complex at various urea concentrations and we compared it with the free HSA denaturation in the same conditions. 21 The comparison, besides establishing the ibuprofen stabilization activity, can help us in the definition of the domain opening sequence in the structure reconstruction, thus further clarifying the albumin unfolding mechanism.
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Experimental section
Sample preparation
Delipidated human serum albumin (>96 %, type A1887), obtained from Sigma, was dissolved in 10 mM phosphate buffer at pH 7.2 with the addition of 11 mM sodium azide. The albumin was magnetically gently stirred for about 12 hours and then filtered with a nucleopore filter with a diameter of 100 nm. Ibuprofen, type I1892 purchased from Sigma, dissolved in phosphate buffer at pH 7.2, was added to the HSA solution, before the denaturant agent, with a stechiometric ratio ligand:HSA 10:1 (HSAIbu). After about 5 hours, HSAIbu samples with urea, obtained from Riedel-Hahn, were prepared by adding the solid denaturant agent to the solutions. After about 10 hours the solutions were filtered again (diameter of 30 nm) and were analyzed in less than a week.
For the fluorescence and circular dichroism (CD) measurements the HSA concentration was less than 1g/L (15 µM). For the dynamic light scattering (DLS) and Small angle X-ray scattering (SAXS) measurements, the protein concentration reached 4 g/L (60 µM). Protein concentration was determined spectrophotometrically using ε 280 = 35700 M −1 cm −1 . 22 Bidistilled water was used in the preparation of buffer. All experiments were conducted at room temperature (25 °C).
Spectroscopic measurements
The absorbance measurements were performed with a Cary 1E UV-VIS spectrophotometer and a Thermo Scientific NanoDrop 1000 UV-VIS spectrophotometer. Unfolding of the protein was monitored both by fluorescence and CD techniques. The fluorescence studies were performed using a Cary Eclipse spectrofluorometer. A quartz cuvette of 1 cm path length was used and the intrinsic fluorescence was measured by exciting the protein solution at λ ex = 280 and 295 nm with a band-pass of both excitation and emission monochromators of 5 nm. The CD spectra (four averaged acquisitions)
were recorded in a JASCO J-750 spectropolarimeter at 25 °C using a bandwidth of 2 nm. A 0.1 mm
path length was used for the far-UV spectra and a 10 mm cuvette was used for the near-UV region. 
DLS measurements
In the DLS experiments, the intensity-intensity autocorrelation function is measured and related to the normalized electric field autocorrelation function g 1 (τ) by the Siegert relation. The measurements were performed using a Brookhaven instrument constituted by a BI-2030AT digital correlator with 136 channels, and a BI-200SM goniometer. The light source was a Uniphase solid-state laser system model 4601 operating at 532 nm. The solutions were filtered by means of a Brookhaven ultrafiltration unit (BIUU1) for flow-through cells, the volume of the flow cell being about 1.0 cm 3 . The samples were placed in the cell for at least 30 min prior the measurement to permit the thermal equilibration. Their temperature was kept constant within 0.5 °C by a circulating water bath.
Measures performed in the range 30°-150° showed that the data were not affected by the collecting angle. The reported data refer to a scattering angle of 90°.
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SAXS measurements
SAXS data were collected at the X33 beam line of the European Molecular Biology Laboratory (EMBL), Hamburg outstation at the storage ring DORIS III of the Deutsches Elektronen Synchrotron (DESY) synchrotron 24 and analyzed according to standard procedures. 25 PRIMUS. 26 The molecular mass of each sample was estimated by comparing the extrapolated forward scattering I(0) with that of a reference solution made of human serum albumin at pH 7.2.
In house SAXS measurements were carried out in thermostatted (25.0 ± 0.1 °C) quartz capillary of 1 mm by using a Kratky compact camera, containing a slit collimation system, equipped with a NaI scintillation counter. Ni-filtered Cu Kα radiation (λ=1.5418 Å) was used. Scattering curves were recorded within the range 0.01 < q < 0.5 Å −1 . The moving slit method was employed to measure the intensity of the primary beam. The collimated scattering intensities were put on an absolute scale, subtracted for the solvent and the capillary contributions, and then expressed in electron units, eu (electrons 2 Å −3 ) per centimeter primary-beam length. 27, 28 In terms of total scattering cross section of an ensemble of particles, 1 eu corresponds to 7.94056 · 10 −2 cm −1 .
29
The Indirect Fourier Transform method developed in the ITP program was used for interpreting the spectra. 30 For very dilute samples (no particle interactions) the scattered intensity, I(q), can be related to the pair distribution function p(r) of the single scattering particle according with the equation
On the basis of this equation, the Indirect Fourier Transform Method, allows the extraction of the p(r) function from the desmeared scattering pattern. The p(r) function is strongly dependent on the shape and size of the scattering particles and vanishes at the maximum particle size D max . Furthermore, it permits the determination of the electronic radius of gyration R g . 
. In this way any scattering pattern, corresponding to a t urea concentration can be approximated:
where L represents the minimum number of the bases u necessary to adequately reproduce the complete set of scattering intensities and the b j (t) is the jth basis coefficient at the urea concentration t. 32 
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In particular, for L=3, since the scattering intensity is additive, any I(q,t) (and also any I(q)q 2 profile) can be expressed as:
where the suffixes N, I and U indicate the Native, the Intermediate and the Unfolded states,
respectively and f N (t)+f I (t)+f U (t)=1. By applying the Equation 3 we can calculate the b j (t) coefficients
The b j,I and the Native, Intermediate and Unfolded fractions at each t urea concentration could be evaluated minimizing the equation
In the case of a two states process (L=2) only the Native and the Unfolded forms are present and the percentage of Native form at each t urea concentration could be estimated as
This function, in a single step mechanism, can be applied to several parameters that own the additive property (X) as: R g 2 , R h -1 , mean residue ellipticity at 222 nm and at 268 nm (MRE 222 , MRE 268 ) and fluorescence intensity at λ ex = 280 nm and λ em = 340 nm ( F340 280 ).
For a three step process, the ratio (X(t)-X U )/(X N -X U ) does not represent the f N (t) function and, for this
reason, a different trend of this ratio, for the various parameters, could be an evidence of the presence in solution of at least an intermediate.
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The equations 3-6 can be also applied to the curves obtained by other techniques (for example CD and fluorescence). A different value of the minimum number of structural states present in the unfolding process can be due or to an unlike denaturation mechanism (the loss of the secondary structure can be different from the tertiary one) or to a less resolution properties (for example the near-CD vs. the SAXS spectra).
Three-dimensional restored structures
Thanks to modern methods of data analysis, low-resolution 3D electron density maps from 1D SAXS data can be reliably reconstructed. Two complementary methods, developed in the programs GA_STRUCT and BUNCH, were used to obtain 3D structural information on the partially unfolded conformations that albumin presents in denaturant conditions.
The shape reconstruction method applied in the GA_STRUCT code is described in detail in the reference 33. Briefly, starting from an aggregate of spheres, related to the expected volume and the D max of the scattering particle, the p(r) is calculated by means of a Monte Carlo method. A fitting parameter is determined from the calculated (Fourier transform) I(q) and the experimental one. A linear minimization is performed using a genetic algorithm which improves 50 models by means of mating, mutation and extinction operations. At the end, all models are docked and on the basis of a docking score, from the 70% of models with the highest total docking score a consensus envelope is constructed. It is important to stress that the volume of the consensus envelope constitutes an index of the conformational flexibility. As a matter of fact, in the case of a particle which presents a degree of conformational flexibility, this volume is correlated with the spatial region ensemble occupied by more similar models as shape and dimension. Therefore, its value will increase, exceeding the expected volume of a single frozen conformation. 34 
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
11
The analysis of the SAXS intensity profiles may use more information such as high resolution structures of whole domains or fragments and plausible hypothesis on the position and extension of the flexible regions. In this context, using the program BUNCH one starts with a known crystallographic structure which is divided in rigid domains connected by "dummy residues" chains. 35 The dummy residues represent protein fragments which are substituted by a flexible chain of interconnected amino acid residues. A simulated annealing protocol is used to find the optimal positions and orientations of the rigid domains and the probable conformations of the dummy residues chains, to simultaneously fit the experimental scattering data. In this procedure, the basic rules of the conformational analysis are fulfilled. For the rigid domains with known structure, the scattering patterns I(q) are calculated with the code CRYSOL. 36 The intensities corresponding to the portions with unknown structure represented as dummy residues are calculated using spherical harmonics.
In our case, the fragmentation was performed by dividing each HSA domain into three rigid moieties. The fragments were selected taking into account that the unfolding mechanism maintains intact the 17 sulfur-sulfur bridges. 37 In Figure 1 are visible the rigid and flexible fragments of HSA atomic structure employed in our calculations. 38 The coordinates [PDB entry 2BXG.pdb] were obtained from the Protein Data Bank. 39 To check the results consistency, the agreement between the structures obtained with GA_STRUCT and BUNCH was evaluated. For this purpose, the docking of the 3D structures was done with the program SUPCOMB. From a visual examination and from the calculated overlap goodness factor (NSD), a comparison between the two shapes was made. 40 
SAXS and DLS data correlation
Starting from the structures obtained with BUNCH and using the HYDROPRO code, the hydrodynamic radii are calculated and compared with those estimated by DLS measurements. 41 The HYDROPRO code computes the hydrodynamic properties of rigid macromolecules starting from an
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12 atomic-level structure, as specified by the atomic coordinates taken from a PDB file supplied by the user. The output gives a proper hydrodynamic model designed by the program itself. The procedure builds a primary hydrodynamic model by replacing non-hydrogen atoms with spherical elements of some fixed radius. The resulting particle, consisting of overlapping spheres, is in turn represented by a shell model treated as described in the work of Carrasco and García de la Torre. 42 The authors suggest an atomic element radius varying in the range of 2-5 Å (we use 3 Å).
Results and discussion
The denaturation processes, induced by urea, of the HSA defatted (HSA) and of the albumin completely bound with palmitate (HSAPalm) had been described in another work. 21 A very detailed analysis of SAXS, DLS, CD and fluorescence was carried out. In particular, the SVD analysis and the three-dimensional reconstructions allowed the determination of number, percentage and low resolution structures of the conformers involved in the unfolding process. In this work we compare the data obtained for the HSA urea denaturation process with that obtained for the HSA:ibuprofen system (HSAIbu). It is expected that differences in the opening process can be identified and related to the HSA stability enhancement induced by the drug binding.
Spectroscopic Data
By The CD data are reported in Figure 3 similarly to the fluorescence spectra ratios. Instead, the values related to the far-UV spectra, indicate a more pronounced stabilization that gets on until about 6.00 M urea. So the secondary structure seems to obtain a greater stability because of the ibuprofen binding. In Figure 4 , the HSAIbu α-helix amount is reported and compared to that of the HSA system. We can note that in the case of the HSAIbu system, the percentage remains unchanged until about 3.90 M and then begins to decrease until 9.00 M urea.
Between 3.00 and 5.35 M urea, the CD data reveal the stabilization effect of the bounded antiinflammatory agent.
SAXS Data
The SAXS intensities were first directly examined by looking at the I(q)q 2 vs. q graphics, known as Kratky plot. 48 In Figure 5 , the Kratky plots and the p(r) functions estimated by ITP, relative to the HSAIbu solutions, are shown. The Kratky plot is considered a standard to determine the unfolding process. 28, 49, 50 The characteristic peak for a native globular protein decreases when partially folded states are present and tends to a typical flat shape for a fully denaturated structure (random coil). The spectra analysis permits to clearly characterize the stabilizing action of the ibuprofen. In particular, the reported curves show that, until about 3.90 M urea there are no significant structural changes. This phenomenon is testified by a first sensitive decrease of the I(q)q 2 maximum. Afterwards, the maximum tends to vanish at the highest denaturant concentration, thus indicating that the protein reaches a quite unfolded state.
Some details on the protein structures, as a function of denaturant concentration, can be inferred by inspecting the p(r) functions ( Figure 5 ). Also in this case, we can observe that the first significantly shape changes occur above 3.90 M of urea concentration. Moreover, at the subsequent concentrations, until about 6.00 M urea, the curves preserve the maximum positions and sketch a queue essentially in the final part. Very probably this indicates the presence of at least two conformers: a protein fraction keeps partly a globular structure, as in the closed form, while, as we will see later, a significant fraction of partially open conformers is present (with the SAXS analysis it is possible to reliably detect . This difference of the two unfolding states will be studied in detail with the SVD analysis.
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SVD Analysis
The minimum number of structural states present in the unfolding pathway of the HSAIbu system has been determined by employing the SVD method in the analysis of the I(q)q 2 SAXS profiles.
In this case the SVD analysis allowed us to distinguish three different states (L=3) performing the study on the complete set of solutions. In particular, by using the equations 3-6, it was possible to obtain the values of the fractional populations of the states f N (t), f I1 (t) and f U (t) at all urea concentrations (see Figure 6 ). In the two steps process we can distinguish: a native conformation N (at 0.00 M urea), an intermediate I1 (at 6.05 M urea) and an unfolded structure U (at 9.00 M urea). By means of the b j,I1 and the Native, Intermediate and Unfolded fractions at each t urea concentration, a good reproduction of the relative Kratky plots, presented in Figure 7 , was obtained. By using these fractions it was possible to extract the MRE 222 The SVD method has also been carried out by introducing the I(q) profiles in the A matrix.
Within an error of 10%, the resulting f(t) fractions are consistent with the analysis performed on the I(q)q 2 SAXS profiles (see Figure SI1 ). However, we exploited the I(q)q 2 patterns because conformational variations of molecules with the HSA dimensions, mainly affect the SAXS intensity in the intermediate region (0.1 < q < 0.2 Å -1 ). While a Kratky plot of a globular protein presents a q 2 dependence, the partially or completed unfolded forms show an increase with a q dependence. 28, 49 In any case, the SVD analysis allows us to characterize in a good way the three structural shapes present in the investigated urea concentration range. In principle, this method could be also applied to the curves obtained by other techniques (for example CD and fluorescence). In particular, we carried out the SVD analysis by considering the CD data. Although the presence of intermediates could be provided also by the near-UV CD data, in this particular instance, probably due in part to the weak signals, the results had been demonstrated unreliable. As a matter of fact, it had not allowed us to distinguish the presence of three states, but a single step denaturation process was pointed out in the complete urea range (data not shown). The same result was achieved by analyzing the far-UV CD data, that provide information about the changes in the protein secondary structure (data not shown).
The SVD results confirm that the CD data are less diagnostic than the SAXS ones. In fact, a Figure 9) . The different patterns, corresponding to the various experimental data, require the presence of a multistep process during the protein unfolding.
Three-dimensional restored structures
The I(q) patterns obtained with the SVD analysis allowed us to get more detailed information on the structures present in solution at various urea concentrations. Indeed, the opening mechanism can be obtained by analyzing the N, I1 and U relative spectra with the GA_STRUCT and BUNCH codes.
The three-dimensional structures calculated with BUNCH are reported in Figure 10 . For these three albumin conformers, recovered structures obtained with the GA_STRUCT program are also drawn together with their superimposition with the BUNCH structures.
In particular, for the protein without denaturant, a structure very similar to the crystallographic heart shape is reported, with only a slight separation of the three domains. Moreover, in Figure 11 the similarities between these two SAXS intensities are also evidenced by reporting a superimposition of the two structures obtained by applying the BUNCH analysis. This can be considered a further confirmation that the presence of ibuprofen does not change dramatically the unfolding HSA mechanism, but it provokes a shift of the equilibrium towards higher urea concentrations. As a matter of fact, at higher urea concentrations, a fraction of the HSAIbu begins to be completely open. From the urea concentration of 7.60 M, only an unfolded protein structure is present in solution. Worthy of note is the fact that also at 9.00 M of urea, even if the three domains are opened, the dimensional parameters are lower than in the case of HSA without ligand. This is confirmed if we introduce in the HSAIbu SVD analysis also the HSA at 9.00 M urea as Unfolded state. We obtain a good fit considering again only three states and the same fraction of N and I1 until the I1 intermediate
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(that corresponds even in this case with the solution at 6.05 M of urea). For the higher urea concentrations, the fractions differ from the previous up to a maximum of 0.2. In particular, the HSAIbu solutions at urea 7.60 and 9.00 M contain 80% of the U conformation.
So we can conclude that the conformation of the HSAIbu at urea 9.00 M, that we defined as the Unfolded state, actually is less expanded. Therefore, as we put in evidence for the HSA-palmitic acid complex, the presence of the ligand seems to stabilize the protein also at very high urea concentrations. 
Comparison between SAXS and DLS
DLS measurements allow us to observe the effect of the denaturation induced by urea monitoring the increase of the hydrodynamic radius with the urea addition. The hydrodynamic radii are summarized in Table 1 . In the samples without denaturant, the values of HSA do not show significant changes when the ibuprofen is added, and an R h value, in agreement with that reported in literature for free albumins, is observed. 45, 53, 54 Starting from this value, by increasing the denaturant concentration, an increment of the protein size is observed.
A stabilizing effect is shown by the interaction of the albumins with ibuprofen. As a matter of fact, 
and compared with the experimental ones in Figure 12 . At higher urea concentrations some differences are detected between the experimental and the calculated R h . These inconsistencies are probably due to an error in the experimental data which is determined by a difficulty in separating the protein and the solvent contributions to the scattering intensity autocorrelation function.
Conclusions
Many spectroscopic studies were undertaken to identify the albumin unfolding pathways in chemical denaturant conditions and the increasing stability induced by the presence of exogenous and endogenous compounds. Studies on the stabilization induced by different chemical agents are of considerable importance. [14] [15] [16] [17] 21, [57] [58] [59] We performed a study on the stabilization effect of a NSAID, the ibuprofen. To verify the protective action of the ibuprofen, an analysis with SAXS, DLS, CD and fluorescence techniques was carried out on a set of solutions with urea concentrations between 0.00 and 9.00 M.
By comparing the interpretation of the spectroscopic and the scattering data of the HSAIbu system with the results obtained for the free HSA defatted solutions 21 it was clear that in the case of the HSAIbu, the unfolding process takes place later on the denaturant concentration scale. Indeed, we observed that the HSA binding ibuprofen molecules remained in the native form up to a limit urea concentration of 3.90 M. This limit value is higher than the one reported for HSA (2.50 M). 
